The effect of new adhesives on the bond strength of elastomeric impression materials to acrylic trays was evaluated. Two polyvinyl siloxane impression materials (Fusion and Imprinsis) with reactive adhesives and one (Examix) with a conventional adhesive were tested. Flat, double-sided plates of auto-polymerizing methyl methacrylate (10×10×2.5 mm) were prepared with one of the adhesives. Five specimens were prepared by injecting each impression material into a 2-mm gap between the two plates. Tensile tests were conducted until separation failure occurred. The mean bond strengths of Fusion (1.0 MPa) and Imprinsis (0.8 MPa) were significantly greater than that of Examix (0.2 MPa). On the contrary, one of five Fusion showed adhesive failure mode while all the Imprinsis exhibited mixed failure. The conflicting results were presumably attributed to the mean tear strength of Fusion (0.8 N/mm) being higher than that of Imprinsis (0.5 N/mm).
INTRODUCTION
Impression materials are used to record the forms of hard and soft oral tissues. A dimensionally accurate impression is important for the fabrication of any prosthesis because inaccurate impressions can compromise the fit, esthetics, and function of the restoration. Inaccurate impressions can be caused by several factors during the preparation, including inappropriate fit and insufficient rigidity of the impression tray, manipulation errors, and wrong choice of material. Increased cast distortion is associated with one or more of these factors. Another factor that can lead to inaccurate impressions is that the impression materials, especially polyvinyl siloxane impression materials, used in the impression trays often do not possess any chemical adhesion. Retention of the impression to the tray is an important determinant of the accuracy of the cast and the resulting definitive prosthesis 1, 2) . On removal of the impression from the mouth, the impression may be distorted if the impression material pulls away from the tray. Therefore, attachment of the impression material is essential and is achieved by the application of a dental adhesive (chemical adhesion) 3, 4) . However, commercially available adhesives are considered inadequate from the viewpoint of retaining the impression material on the tray without a form of mechanical retention such as perforations on the tray surface 5) . Recently developed adhesives consist of methyl acetate as the solvent and an adhesive conjoined monomer; these adhesives are designed to react with the molecular networks in polyvinyl siloxane and to chemically bond with both the elastomeric impression and the acrylic tray materials. These reactive adhesives are purported to provide effective impression retention that does not rely on mechanical retention. If these adhesives provide better impression retention to the tray than that provided by conventional adhesives, a more reliable method of retaining the impression material to the tray can be achieved. The purpose of this study was to assess the effect of new reactive adhesives on the bonding of elastomeric impression materials to the tray material. Bond strength was evaluated in relation with the mode of failure observed for the failed surface. The strength of each impression material was also evaluated by means of a tear strength test. Two elastomeric impression materials and a material supplied with a conventional adhesive were compared.
MATERIALS AND METHODS

Specimen preparations
Three commercially available polyvinyl siloxane impression materials (Fusion, Imprisis and Examix) of low and medium viscosity were used in this study. Each impression material was supplied with a bottle of adhesive liquid that served to bond the impression material with the acrylic tray materials. Fusion and Imprinsis were provided by the manufacturers along with reactive adhesives, while Examix was supplied with a conventional universal adhesive. Table 1 lists the names of the materials along with the respective manufacturers and recommended setting time for all the impression materials and adhesives.
Thirty flat, square, resin plates were fabricated from commercially available auto-polymerizing methyl methacrylate resin (Ostron II; GC Corp., Tokyo, Japan) using a brass mold (10.0×10.0×2.5 mm). The surface of one side of each plate was polished to a thickness of 2.0 mm with a 600-grid emery paper using a polishing machine (ML-150P, MARUTO, Tokyo, Japan) and then cleaned with liquid ethanol. The other side was roughened with a 250-grid paper and then glued to a steel hexagonal lock nut (8.0 mm in diameter and 4.0 mm in thickness) using a cyanoacrylate adhesive. The two plates were fixed on a linearly movable stage by means of a threaded rod screwed into a nut on each plate so that the polished surfaces of all the plates faced each other with a gap of approximately 5 mm between them. A thin layer of tray adhesive was coated on each polished surface and allowed to dry for 1-5 min according to the recommendations of manufacturers. The impression material was then automixed in a syringe and injected into the gap between the two plates. The movable stage was actuated 10 s after this injection until the gap was reduced to 2 mm ( Fig. 1 ) and the impression material was allowed to polymerize. Five specimens were prepared for each impression material. All the processes of specimen preparation and storage were carried out at a temperature of 23±3°C and humidity of 50±15%.
Tensile test
Both plates in the sandwiched impression were removed from the stage and the excess impression material overhanging the plate was trimmed using a sharp knife. After allowing the residual inner strain to be released over a period of 24 h, the plates were attached to a universal testing machine (Instron, model 1123; Instron Corp, Canton, MA, USA) by means of upper and lower S-shaped custom jigs, with the threaded rods being screwed into the nut of each specimen. The tensile bond tests were conducted for each specimen at a crosshead speed of 5 mm/min, using a 50-kgf load cell until adhesion failure occurred. The bond strength was calculated as the maximum force at failure divided by the surface area of each plate. The data were analyzed statistically using one-way analysis of variance (ANOVA) and Fisher's Protected Least Significant Difference (PLSD) comparison test. The failure modes of the adhesion were classified as follows on the basis of the failed surface topography of each specimen: (a) adhesive failure characterized by 
Tear test
To determine the strength of each impression material, a tear strength test was carried out on the Fusion and Imprinsis specimens. Tear strength was measured in accordance with the guidelines of ISO34-1 (rubber, vulcanized or thermoplastic, determination of tear strength, Part 1: Trouser, angle and crescent test pieces). The specimens were attached to the universal testing machine and tested in the tensile mode at a crosshead speed of 500 mm/min until tear occurred.
The tear strength of each impression specimen was calculated by dividing the maximum load at tear by the thickness of the specimen (N/mm). The data were analyzed statistically using the Student's t-test to determine the significant difference between the two impression materials.
RESULTS
The mean and standard deviations of tensile bond strengths for Fusion, Imprinsis, and Examix were 1.04±0.12, 0.81±0.12, and 0.24±0.04 MPa, respectively (Fig. 2) . A one-way ANOVA revealed significant differences between the three groups (p<0.0001, F=81.341). According to Fisher's PLSD comparison, the bond strength of Fusion was significantly greater than that of Imprinsis (p=0.0034) and Examix (p<0.0001), and the bond strength of Imprinsis was significantly greater than that of Examix (p<0.0001).
The failure mode distributions of all the tensile test specimens are listed in Table 2 . The representative failed surfaces of Fusion and Examix specimens are shown in Fig. 3 . Mixed failure was observed in 4 of the 5 Fusion specimens and in all the Imprinsis specimens. Adhesive failure was observed in 1 Fusion specimen and in all the Examix specimens. No specimen exhibited cohesive failure. The mean and standard deviations of tear strengths for Fusion and Imprinsis were 0.75±0.11 and 0.51±0.02 N/mm, respectively (Fig.  4) . The tear strength of Fusion was significantly greater than that of Imprinsis (p=0.0012). 
DISCUSSION
Previous studies that were conducted in various experimental conditions reported that when conventional universal adhesives are used, the bond strength of polyvinyl siloxane impression materials to acrylic tray materials ranges from 0.13 to 1.09 MPa 6, 7, 8, 9) . In the current study, the mean bond strength of 0.24 MPa measured for Examix in combination with a conventional adhesive was within the range of data obtained from the previous studies. While, Fusion and Imprinsis in combination with reactive adhesives showed bond strengths that were approximately 4 times greater than Examix. The significantly greater bond strengths of Fusion and Imprinsis were probably attributable to the higher adhesive capability of the reactive adhesives. The assessment of failure modes demonstrated that 4 of the Fusion specimens and all the Imprinsis specimens underwent mixed failure. This suggested that the resistance to debonding was higher than the bond strength of each material and that the bond quality was reasonably acceptable. However, all the specimens of Examix in combination with the conventional adhesive demonstrated adhesive failure and revealed very low bond strengths. In order to obtain adequate retention of Examix to the acrylic tray using a conventional adhesive, we consider that it is necessary to use some form of mechanical retention.
Our experiments showed that the bond strength of Fusion was significantly higher than that of Imprinsis. However, in contrast, all 5 Imprinsis specimens underwent mixed failure, while 1 of the 5 Fusion specimens developed adhesive failure with complete debonding. Imprinsis has a relatively low tear strength and may tear at relatively low tensile loads. This could be a possible reason why all the Imprinsis specimens exhibited mixed failure. It should be noted that the tear strength of an impression material is strongly dependent on the viscosity and elasticity, with these rheological properties being consistent with the principal application of specific products. Therefore, further studies to assess the effect of such material properties on the bond strength of impression materials are highly desirable.
The mechanisms governing the chemical reactions between conventional adhesives and tray materials are not fully understood. Upon application of the adhesive, the carrier solvent may cause swelling of the outermost surface of the tray, thereby allowing the adhesive to penetrate and interact intimately with the material. The solvent then evaporates, leaving the entire tray surface covered with the adhesive, which is retained within the molecular network of the superficial layer 5) . Solvent evaporation is dependent on time, temperature, and relative humidity 3) . Previous studies emphasized the importance of allowing the adhesive to dry thoroughly prior to making the impression 10) . Dental manufacturers previously used toluene (methyl benzene) as the solvent for various dental adhesives, but subsequently stopped using this material because of its toxic properties and potential to cause severe neurological harm. As an alternative, recently manufactured adhesives, including those used in the present study, contain methyl acetate --a clear, flammable liquid used as a solvent in glues and paints-as an active ingredient to dissolve the acrylic surface. The enhanced adhesion of the reactive adhesives is probably achieved because of chemical adhesion between the impression material and methyl methacrylate. The base used for the adhesives may contain a reactive silicone such as ethylsilicate that creates a physical bond with methyl methacrylate and a conjoined monomer that links with the molecular networks of the polyvinyl siloxane. Unfortunately, the manufacturers have not fully disclosed the mechanism(s) involved in these adhesive reactions.
The bond strengths measured in this study would not have been achieved if the adhesives had bonded to the impression tray compound, which is usually composed of a mixture of waxes, thermoplastic resins, and fillers. The common application of these compounds is for border molding of an acrylic custom tray used to make an impression of an edentulous ridge. A uniformly thick layer of tray adhesive is usually applied within the resin tray that extends over the edge of the tray compound. However, we have no reliable data of bond strength between the impression materials and the compounds using the adhesives. According to the manuals and manufacturers, the reactive adhesives were not designed to form a chemical bond with the compound materials. The manufacturers recommend that reactive adhesives be applied on the acrylic tray and conventional adhesives on the compound materials; however, this inevitably results in a lengthy manipulation process. Further development of adhesives that form bonds to both acrylic and compound materials are desirable. Combinations of elastomeric impressions and adhesives have high bond values as compared to conventional adhesives; this may result in more secure and accurate reproductions of the teeth and alveolar ridges of severe undercuts. The results of the current study should however be considered in the light of several experimental limitations. For example, it is not known whether the high bond strengths of the impression materials with reactive adhesives affect the accuracy of reproduction and the fit of the restorations. The test protocol used in the current study employed flat plate specimens and did not attempt to mimic the clinical conditions imposed by the lateral walls of an impression tray as well as those by the teeth and alveolar ridges of a severe undercut. In addition, the bond strengths measured in this study were determined for surfaces polished with 600-grid emery paper. Therefore, regardless of the adhesive and impression materials used, the bond strength could be even higher if the acrylic surface was roughened to enhance retention 11) . Further testing should focus on examining these effects, and in vivo studies should be also conducted to confirm the in vitro findings of the current study.
